Abstract. Surface nanocrystallization in various steels by shot peening (both air blast and ultrasonic) and particle impact processing was investigated. Nanocrystalline layers with several µm thick were successfully fabricated by these methods. In all the case, the nanocrystalline layers have extremely high hardness and separated from adjacent deformed structure regions with sharp boundaries. By annealing, the nanocrystalline layers showed substantially slow grain growth without recrystallization. Those characteristics are similar to those observed in the samples experienced ball milling and ball drop deformation.
Introduction
Nanocrystalline (NC) materials (grain size smaller than 100 nm) have attracted considerable scientific interests in the past decade. Various severe plastic deformation (SPD) processes have been proposed to produce the NC materials, such as ball milling (BM) [1, 2] , ball drop deformation (BD) [3] , high pressure torsion [4] , sliding wear [5] and shot peening [6] [7] [8] [9] . The necessary condition to form the NC structure by deformation is considered to apply a strain lager than about 7 [10] . From our previous BM and BD experiments in steels [3, 11, 12] , it was found that the NC regions have the following characteristics: 1) extremely high hardness (8 ~ 13 GPa), 2) separated from deformed structure (DS) region with sharp boundaries, 3) dissolution of cementite when it exists and 4) no recrystallization and slow grain growth by annealing. In the present study, the surface nanocrystallization in various steels by shot peening (both air blast and ultrasonic) and particle impact processing was investigated. The NC regions formed by these techniques were compared with those produced by BM and BD [3, 11, 12] .
Experimental Procedures
The materials used in the present study were Fe-3.29Si (Fe-0.027C-3.29Si-0.01Mn in mass% hereafter, ferrite structure), Fe-0.03C (Fe-0.031C-0.052Si-0.054Mn, ferrite), Fe-0.10C (Fe-0.099C-0.20Si-1.37Mn, martensite) and Fe-0.80C (Fe-0.800C-0.20Si-1.33Mn, pearlite or spheroidite structure). Particle impact processing (PIP) was done by a high-pressure Helium gas gun. A bearing steel (Fe-1Cr-1.5Cr (JIS SUJ2) in mass%) ball with 4 mm in diameter was used as a projectile, and was accelerated to the speed of 120 m/s. Air blast shot peening (ABSP) was carried out in various conditions ( Table 1 ). The coverage is the area fraction of specimen surface deformed by shots. Coverage larger than 50% was estimated by multiplying shot peening time by % coverage for one second measured at the state of 50% coverage. The detail of PIP and ABSP were described in our previous paper [10] . Ultrasonic shot peening (USSP) was performed for 1.8 ks using JIS SUJ2 shot ( 0.4 mm in diameter). In the experiment, the shots were placed in the chamber vibrated (frequency: 20 kHz, amplitude: 90 µm) by a generator, with which the shots were resonated. The projection distance was 10 mm. Annealing of nanocrystallized specimens was carried out at 873 K for 3.6 ks by sealing in a quartz tube under a pure Ar protective atmosphere. Specimens were characterized by SEM, TEM and Vickers microhardness tester (load of 0.25 N for 15 s). Specimens for SEM observations were etched by 5 % Nital.
Results and Discussion

Particle impact experiment
Figure 1 (a) shows a typical NC layer at the surface of pre-strained (82 % cold rolling) pearlitic Fe-0.80C specimen after 8 times of particle impacts at LN 2 temperature. The microhardness of the NC region is as high as 9.7 GPa, which is much higher than that of the DS region (4.5 GPa). The TEM observations of the NC region showed that the grains with the order of 100 nm in diameter were the random orientations and cementite was mostly dissolved into ferrite. Figure 1 (b) is another area of the same specimen showing the boundary between the NC and DS regions. It is seen that cementite lamellae are invisible in the NC region (lower part), indicating the dissolution of cementite. This is quite different from the DS pearlite structure (upper part) where the reduction of interlamellar spacing or bending of cementite lamellae are usually observed. The experiments done at room temperature under the same condition required a larger number of impacts than at LN 2 temperature to form NC regions. This suggests that low temperature deformation is the favorable condition for the formation of NC regions.
Shot peening experiments
Figure 2 (a) shows NC region formed in Fe-3.29Si specimen by ABSP (under Condition (1) in Table 1 , 1000 % in coverage). The sharp boundary between the NC and DS regions is seen, which is similar to those observed the specimens after BM or BD [11] . Figure 2 
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image and SAD rings of Fe-3.29Si specimen formed by ABSP (Condition (1), 6000 % in coverage). TEM samples were prepared parallel to the specimen surface. The DF image shows that the ferrite grain size is less than 20 nm, and the SAD pattern indicates that the ferrite grains are randomly oriented. Since bcc structure in Fe-3.29Si alloy is stable up to its melting point, NC structure formed by the ABSP is due to severe plastic deformation and not concerned with thermally produced martensite. Figure 3 shows SEM micrographs of NC regions observed in various carbon steels after ABSP (Condition (1)). It clear that nanocrystallization occurs by ABSP irrespective of the carbon content and initial structure of steels. After annealing at 873 K for 3.6 ks, the NC regions still kept much finer structure than that of the DS regions where discontinuous recrystallization took place. These annealing behavior are similar to those observed in BM or BD experiments [11] .
The effect of shot size on the thickness of NC layer was studied using Fe-3.29Si steel. Two different kinds of shots were used, i.e. 0.3 mm (SUS304) and 0.8 mm (Fe-0.8C). Figure 4 is SEM micrographs of Fe-3.29Si specimens after ABSP (Condition (2), (3)) and subsequent annealing. The shot speed and the coverage were same (100 m/s, 3000 %) in both cases. As is seen the NC layer formed by using 0.8 mm shot is thicker than that of 0.3 mm shot. The mean recrystallized grain size at prior DS region shot-peened by 0.8 mm shot (4.0 µm) is smaller than that of 0.3 mm shot (6.9 µm). The kinetic energy per one shot of the 0.8 mm shot is about 19 times ((0.8/0.3) 3 times) lager than that of the 0.3 mm shot. (The difference in the density between the Fe-0.8C and SUS304 shots is about 1 %, and is negligibly small.) The hardness of shot are also considered as another factor which may produce microstructural difference. The hardness of 0.8 mm (Fe-0.8C) shot is 6.9 GPa, and that of 0.3 mm (SUS304) is 5.3 GPa. Since the hardness of these shots is harder than the initial hardness of specimens, the effect of the shot hardness on the thickness of NC layer is considered to be small. As described above, ABSP is confirmed to be a practical process to produce the surface NC materials. The reasons why NC structure has not been observed in conventional ABSP are as follows: 1) the coverage is usually less than several 100 % and 2) the shot speed is lower (< 100 m/s) than that in the present study, thus a detectable volume of NC region could not be formed. Figure 5 shows SEM micrograph of Fe-3.29Si specimen after USSP and subsequent annealing. The structure of the prior NC region near surface is much finer than that of the recrystallized prior DS region (the mean recrystallized grain size of 5.3 µm). These annealing behavior are similar to those observed in the ABSP specimens. K. Lu et al. [8, 9] has reported the surface nanocrystallization in pure Fe by USSP. According to their observations, the surface NC layer (grain size of about 10 nm in the top surface layer) formed by USSP (50 Hz, 8 mm of shot size) for 1.8 ks. The hardness of the NC layer is as high as 3.8 GPa. However, this hardness value is extremely lower than the hardness (8.2 GPa) of the ball milled NC powder obtained in our previous study [12] . If the hardness of 3.8 GPa is due to grain boundary strengthening, the grain size is estimated to be 290 nm according to the Hall-Petch relationship for iron (HV [GPa] = 0.36 + 59d -1/2 [d: nm]). They also reported that the hardness of the surface layer drops to that of the coarse-grained matrix after annealing at 927 K for 3.6 ks due to the recrystallization of the surface NC layer. From the hardness and annealing behavior, their structure is quite different from the NC layers presented here.
Conclusions
NC layers with several µm thick in various steels were successfully produced by PIP, ABSP and USSP. The NC layers have extremely high hardness and separated with sharp boundaries from adjacent deformed structure region. By annealing, NC layers showed substantially slow grain growth without recrystallization. Those characteristics are similar to those observed the specimens after BM and BD. It was found that in the ABSP experiments NC layers can be produced by applying longer operation period and higher shot speed than those of conventional ABSP.
